In an attempt to establish a relationship between proton pumping and the photocycle intermediates of bacteriorhodopsin, we have studied the effects of pH and tem. perature on flash-induced proton pumping and the photointermediates 0640 and M412. The relative quantum yield of flashinduced proton pumping is both pH and temperature dependent. It is high in the acid pH range and at low temperatures but decreases in the basic pH range and at high temperatures. The decay of M412 is biphasic. The amplitude of the slowly decaying component (MS) was found to be pH dependent with a pK similar to that of the ApH. The pH dependence of the fast-decaying component (Mf) is opposite to that of Ms and ApH. Like that of MS, the amplitude of 060 is high in the acid pH range, but unlike the amplitude of MS, it declines very rapidly at pHs greater than 6.5; the amplitude of 060 becomes zero around pH 8. The temperature dependence of the amplitude of Ms was found to be similar to that of ApH, being high at low temperatures and low in the high-temperature range.
Bacteriorhodopsin (bR) is the only protein in the purple membrane of Halobacterium halobium. The color of bR is due to its chromophore, retinal, which is attached to the apoprotein via a protonated Schiff base linkage. Light initiates a photocycle consisting of a series of transient metastable intermediates usually identified by an appropriate absorption maximum-K630, L550, M410, 06O, etc. The cycle is completed with the reformation of the original pigment, bR570. During the photocycle, protons are released at the external surface of the purple membrane and taken up at its cytoplasmic side (see general reviews in refs. 1 and 2). Resonance Raman studies (3, 4) show that when the intermediate M412 is formed, the Schiff base becomes deprotonated, suggesting both that protons which are pumped across the cell membrane may be from the pigment's protonated Schiff base and that intermediate M412 should couple with proton translocation. However, the first suggestion is belied by quantitative measurements showing that, under some experimental conditions, more than one proton can be pumped out per deprotonated Schiff base intermediate formed (5) (6) (7) (8) .
As regards the second suggestion, several studies have examined the correlation between proton movements and the photocycle and have given different answers. A complicating feature of the coupling question is that proton release and uptake both are single exponential processes, but M412 rise and decay are the sum of at least two exponential processes, Mslow (MS) and Mfast (Me) (6, (9) (10) (11) . To study the correlation of the kinetics of proton movement with the kinetics of the photocycle intermediates, Ort and Parson (12) inferred proton movements from the flash-induced volume change of suspensions of purple membrane. Using this technique to measure proton release over a wide pH range, they found that the kinetics of proton release and uptake do not match the kinetics of M412 formation and decay. They reported that, while the rate constant of proton release is faster than M412 formation when the pH is less than 8, it becomes slower when the pH is greater than 8. Temporal correlation is not required for tight coupling with Schiff base deprotonation/ reprotonation because of the possibility that one or more proton-accepting and -donating groups might lie before and after the chromophore, which would modulate the time of appearance of protons into solution. Nevertheless, both Lozier et al. (13) and this laboratory (6) have found that, for purple membrane sheets under a variety of conditions, the half-time for the decay of the Ms form of M412 is almost the same as the half-time for proton uptake.
In the present study we have attempted to find a possible correlation between proton changes and a particular intermediate of the photocycle. We have measured the variation in the amounts of the intermediates MS, Mf, and 0640 as a function of the pH or temperature and asked if there were a similar pattern of change in the number of protons pumped by the purple membrane. In all of our experiments, we used single turnover flashes so that we could accurately measure the amplitudes of the intermediates during the photocycle. The results from pH-dependence measurements in whole cells suggest a good correlation between proton pumping and the amount of the slowly decaying form of M412. The effects of temperature on proton movements and on the photocycle intermediates in the purple membrane sheets confirm this correlation.
MATERIALS AND METHODS
Halobacterium halobium strain S-9 cells were grown for 5 days, and the purple membrane was prepared as described by Becher and Cassim (14) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
vessel and stirred with a magnetic stirrer. The sample was light-adapted before measuring the flash-induced ApH. The actinic flash was provided from a camera photoflash (halfbandwidth, 200 Asec) with wavelengths X selected to >560
nm by a Corning CS 3-67 glass cutoff filter. The number of protons was obtained by calibration with standard HCl solution. For purple membrane suspensions, the pH changes were measured by observing the light-induced absorbance change of a pH indicator dye, p-nitrophenol, with a kinetic spectrophotometer as described (6) . A xenon flash (EG and G Electronics, Salem, MA; half bandwidth, -6 pisec) with a Corning CS 3-67 glass cutoff filter (X, >560 nm) was used as the actinic light. The number of protons was determined by calibration of the AA dye with standard HCl solution.
Measurement of Photocyle Intermediates M412 and O6. Relative yield of the photocycle intermediates M412 and 0640 was determined by measuring the amplitude of flash-induced absorbance changes at 400 nm and 660 nm, respectively, with a kinetic spectrophotometer. The actinic flash was the same as that used for the ApH measurements. Data from four flashes 10 sec apart was averaged in the case of purple membrane sheets, but for whole cells, an average of eight flashes 10 sec apart was used.
The amplitude of 0640 was obtained as a crude first approximation by assuming the following reaction sequence:
where Amax is the maximum amplitude of 0640 and AO is the amplitude of 0640 at time t = 0.
RESULTS
The pH Dependence of Proton Pumping in Whole Cells. A typical trace of the flash-induced H+ changes in DCCDtreated whole cells suspended in basal salts as measured with a pH electrode is shown in Fig. 1 . DCCD treatment eliminated passive proton movements associated with halorhodopsin (16, 17) could not be measured because the release of H's was much faster than the response time of the electrode. H' uptake, due to the passive leakage of protons back inside the cells, was on the order of seconds, and so the rate of H' uptake was accurately followed by the electrode. The total amplitude of the H+ change (ApH) was obtained by plotting the decay component in Fig. 1 on a semilogarithmic plot as a function of time and extrapolating to time zero. The relative quantum efficiency of this flash-induced pH change as a function of pH is shown in Fig. 2 . The ApH was corrected for the buffering capacity of the sample at each pH by calibration with aliquots of HCL. The relative quantum yield of H+ release was highest in the acidic range of pH 5-6 and then decreased as the pH increases, with a midpoint around pH = 7.4.
The pH Dependence of the M412 and 06,0 Photocycle Intermediates. To see if there were a correlation between the amount of proton pumping and the bacteriorhodopsin photocycle, we measured the pH dependence of the flash-induced amplitudes of the intermediates M412 and 0640. M412 decay is the sum of at least two exponential components, the fastdecaying Mf and slow-decaying Ms forms. Fig. 2 shows the relative amplitudes of Mf, MS, and 0640 as a function of pH.
The pH profile of Ms was similar to that of the relative quantum efficiency of proton pumping. But the Mf component had opposite pH dependence, being higher in the basic range than in the acid.
The pH dependence of 0640 is also shown in Fig. 2 . Similar to Ms and ApH, 0640 was high in the acid pH range, but, in contrast, it declined more rapidly at pHs greater than 6.5; the amount of 0640 went to zero when the pH was greater than 8, but proton pumping and Ms did not.
Effect of Temperature on Proton Changes by bR. From the pH dependence of proton pumping and photocycle intermediates in cell envelope vesicles and intact cells, it seems that Ms is possibly coupled with proton pumping. A test for this is provided by measuring the temperature dependence of the quantum efficiency of H' release and the concentration of the photocycle intermediates in purple membrane sheets. Keeping the pH constant, we could use pH-sensitive dyes to measure rapid pH changes and, hence, use purple membrane sheets for these experiments.
The effect of temperature (0-40TC) on proton release by purple membrane suspensions (open sheets) at pH = 6.68 is shown in Fig. 3 . The quantum efficiency was higher at lower temperatures and decreased with increasing temperature.
The total amount of M412 varied only slightly over the temperature range examined. But the two components Mf and Ms were a strong function of temperature (Fig. 3) ; while Mf increased with temperature, Ms decreased. At low (5°C) and high (40°C) temperatures, just one component dominatedMs or Mf, respectively. The amount of 0640 increased with increasing temperature (Fig. 3) . Again the temperature dependence of H+ release seemed to match that of Ms.
DISCUSSION
We were interested in this study to try to find a correlation between one or more of the intermediates in the photocycle of bacteriorhodopsin and the proton changes that are the physiological consequences of light absorption. That the photochemical changes observed in bacteriorhodopsin (the "photocycle") are required for proton pumping usually is assumed without question and seems quite plausible. Some direct but not conclusive evidence comes from studies with the artificial pigment of bacteriorhodopsin that has a five-membered ring built around the double bond between C12 and C13 preventing all-trans to 13-cis photoisomerization (unpublished data). This artificial pigment lacks any detectable photochemistry, and indeed, has no detectable proton- (Fig. 2) or cell envelope vesicles (unpublished observations). Renard and Delmelle (8) (12) also measured the pH dependence of proton movements, although just in purple membrane sheets. In contrast to our work in whole cells and that of others cited above, Ort and Parson find little variation in the number of protons released by a flash when the pH is varied from 5 to 8. We have no explanation for the discrepancy, other than the possibility of purple membrane sheets behaving quite differently from the vesicular preparations. For example, at ca. pH 8 they may detect not only the protons released from the NH2-terminal side of bR but also those we hypothesize to be released from the COOH-terminal side at pHs greater than 8 (unpublished data).
The origin of the pH dependence of proton pumping may be due to the pH titration of an essential group involved in pumping at least one of the protons transported by light. One such mechanism often mentioned is a light-initiated deprotonation of a tyrosine (18, 19) . If so, one would require an unusual tyrosine with a pK of ca. 7.5 in 3 M KCl.
The effect of temperature on the photocycle has been studied by several investigators (20) (21) (22) . Racker and Hinkle (23) studies showed that increasing temperature decreased the efficiency of proton uptake by reconstituted phospholipid vesicles containing bR, a result qualitatively similar to that reported here. Our temperature dependence for 0640 is similar to that reported in ref. 22 .
For the experiments reported here, we needed a method of measuring proton changes that could be used over a wide range of pHs. By using whole cells, we could use a pH electrode to measure flash-induced pH changes from ca. pH 4.5 to pH 9.5. However, with whole cells there is a possibility of contributions to the light-induced pH changes we measure from such secondary pigments as halorhodopsin. We believe that contributions from these pigments are quite small because in whole cells treated with DCCD, the initial transient alkalinization, which is diagnostic for halorhodopsin (17) , is missing.
Our results show that there is a striking correspondence between pH dependence of the amplitude of Ms and the number of protons that are pumped across the purple membrane in whole cells (Fig. 2) . A similar correspondence is seen in the temperature dependence of the amount of Ms and the number of protons released in purple membrane sheets (Fig. 3) .
This involvement of the slowly decaying form of M in pro- (24) . In this earlier work we found that after an orange flash that could produce a pH change in a closed vesicular system, a subsequent blue flash, absorbed by M, decreased the size of a pH change that normally would occur in the absence of the blue flash. The size of this decrease depended on which form of M absorbed the blue light; Ms was effective while Mf was not.
The present observations, coupled with the blue-light effect, suggest proton pumping is coupled through the intermediate Ms and not through Mt. This, in turn, suggests a "parallel" type of hypothesis for the photocycle of bR, with one branch going through the Ms form of M and the other branch passing through the Mf form (Fig. 4) . With this model, there is a natural coupling of one branch of the photocycle with proton pumping. However, other sequential-branched hypotheses for the photocycle such as that of Lozier et al. (11) cannot yet be excluded. In Fig. 4 Ms would be in equilibrium with 0640 (11) , which would be pH and temperature dependent, so that the amount of 0640 could decrease without proton pumping necessarily decreasing. At (5, 6) . A second example of uncoupling is found after treating bR with proteolytic agents such as
